Chromatic induction is the change in appearance of one light caused by a second, nearby light. We measured chromatic induction in a central test viewed within an inducing field that was varied in only short-wavelength-sensitive (S) cone stimulation. The observer matched the appearance of the central test by adjusting the chromaticity of a haploscopically presented comparison field, seen by the other eye on a dark background. When the central test weakly stimulated S cones, the S-cone level in the surround caused little change in the color appearance of the test. When the central test substantially stimulated S cones, on the other hand, the appearance of the center showed S-cone contrast: raising the level of S in the surround reduced the level of S set to match the central test. Further, a surround that weakly stimulated S cones raised the matching S-cone level above that required without a surround (darkadapted condition). These results cannot be explained by S-cone sensitivity loss or by a two-process model of adaptation. A cortical mechanism is proposed to mediate S-cone antagonism. Ó
Introduction
Chromatic induction is a change in the color appearance of one light caused by another nearby light. Induction can affect hue, saturation and brightness (Chevreul, 1839; Heinemann, 1955; Kinney, 1962; Ware & Cowan, 1982) . Many studies have investigated brightness induction (Diamond, 1953; Heinemann, 1955; Schirillo & Shevell, 1996) or chromatic induction (Jameson & Hurvich, 1959; Smith & Pokorny, 1996; Walraven, 1976) but relatively little work has focused on the role of short-wavelength-sensitive (S) cones. S cones and their neural pathways have been extensively studied psychophysically but in tasks requiring detection or chromatic discrimination (Boynton & Kambe, 1980; Miyahara, Smith, & Pokorny, 1993; Vassilev, Zlatkova, Manahilov, Krumov, & Schaumberger, 2000; Zaidi, Shapiro, & Hood, 1992) . The experiments here examine color appearance with chromatic inducing fields selectively varied in S-cone stimulation.
Color appearance studies, including several from this laboratory, often have used the hue-cancellation technique to investigate chromatic induction (Brenner, Cornelissen, & Nuboer, 1989; Shevell, 1978; Shevell & Wei, 1998; Walraven, 1973) . In this technique, induction is measured as the change required in the physical stimulus in order to maintain an equilibrium hue (for example, a light that appears neither reddish nor greenish) after the addition of an inducing field. Most hue-cancellation experiments have investigated induction using stimuli that primarily vary signals from long-wavelength-sensitive (L) and middle-wavelength-sensitive (M) cones. Often the lights used in these experiments stimulated the S cones little or not at all, in the test area judged in hue and/or in the surround (Shevell, 1982; Shevell & Humanski, 1988; Walraven, 1976) .
A few studies have included measurements of chromatic induction while varying S-cone stimulation (Barnes, Wei, & Shevell, 1999; Shevell, 1992; Takahashi & Ejima, 1983) . Increasing S-cone stimulation in a central test and its surround, by adding a large background field, increased the redness of the test field. Increasing S-cone stimulation by the same amount but in only the surround, on the other hand, did not induce redness or greenness in a central test composed of wavelengths above 545 nm (Shevell, 1992) . Wei and Shevell (1995) concluded that S-cone stimulation within a surround does not affect the color of a central test that predominantly stimulates only L and M cones. Those Vision Research 42 (2002) [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] www.elsevier.com/locate/visres studies, however, did not consider induction from S cones when the test light to be judged in color also substantially stimulates the S cones. Full trichromatic color matches can reveal properties of chromatic induction not observable from measurements of equilibrium hues. The results of such colormatching experiments sometimes have been summarized by a qualitative rule that states color shifts are in a direction away from the inducing chromaticity (Jameson & Hurvich, 1961; Shepherd, 1999; Smith & Pokorny, 1996; Ware & Cowan, 1982; Wuerger, 1996) . For example, induction has been claimed to shift the color of a test toward the complement of the inducing light, or ''roughly'' in the opposite direction from the test chromaticity to the inducing chromaticity (Kinney, 1962, p. 509; Ware & Cowan, 1982 , p. 1358 . At the same time, exceptions have been noted (Hasegawa, 1978; Ware & Cowan, 1982) . Particularly clear examples are apparent in Ware and Cowan's data, especially for short-wavelength inducing light.
Some measurements of chromatic induction have included effects of S cones. Jameson and Hurvich (1961) and Kinney (1962) measured induction from ''blue'' and ''yellow'' inducing fields. They reported induction of yellowness from a ''blue'' inducer and blueness from a ''yellow'' one [see also Takahashi and Ejima (1983) , who showed consistent results with a different technique]. Ware and Cowan (1982) also tested ''blue'' and ''yellow'' inducing fields. A common claim is that a ''blue'' surround induces yellowness (Shepherd, 1999) . Of course, light that appears blue does not isolate S cones, so the role of S cones in chromatic induction remains an open question. Further, there is no guarantee that the degree of S-cone stimulation in a surround is sufficient by itself to determine the induced hue shift. Instead, the inducing effect may depend on the S-cone stimulation in both the center and surround. For example, if S-cone stimulation in a surround affects an S-cone gain control for the central area, then the effect of the surround depends on the level of S stimulation in the center. In general, the hue shift caused by a change of S within a surround might depend also on L and M in the surround and on L, M, and S in the center.
In the present work, we measured induced changes in color appearance using haploscopic, asymmetric matching. A small comparison square, presented alone to one eye (no surround), was adjusted by an observer to match a square of equal size within a surround of some chromaticity and luminance, presented to the other eye. The center and surround stimuli were varied in chromaticity to selectively isolate changes in L/M-cone or Scone stimulation. We observed clear shifts in the S-cone setting of the matching comparison square, as S-cone stimulation in the surround was varied. The match settings also depended on the level of S stimulation in the central test field: the matching S values were nearly unaffected by the surround when the central test weakly stimulated S cones.
Methods

Equipment
Experiments were controlled by a Macintosh 7600/ 132 computer with an auxiliary video board (Radius ThunderPower 30/1600). Stimuli were presented on a high-resolution 17 00 Radius Pressview monitor (832 Â 624 pixels spatial resolution, 75 Hz non-interlaced). The Judd chromaticities of the phosphors were determined with a calibrated scanning spectroradiometer, and the phosphors were linearized with look-up tables. These tables were created by measuring the light at each of the 10-bit levels for each phosphor. Absolute light levels were checked regularly with a Minolta LS-100 luminance meter [more details regarding calibration are in Shevell and Wei (1998) ]. The stimuli were viewed through a haploscope composed of four pairs of mirrors placed in front of the Radius monitor. A chin rest was used to maintain a stable head position.
Stimuli
The test square and its surround were presented on the right side of the Radius monitor, to the left of a small white fixation point (Y 0 ¼ 1:13 cd/m 2 ). The comparison square, without a surround, was presented on the left side of the monitor, to the right of a duplicate fixation point. By placing the fixation points close to the edges of the monitor, the stimulus squares were close to the center of the monitor where the screen is most homogeneous. When viewed through the haploscope, the stimulus consisted of a 0.5°comparison square located 2.5°to the right of the (fused) fixation point, and a 0.5°t est square, usually within a 1.5°surround, located 2.5°t o the left of the fixation point. The test square and its surround were viewed with the right eye, and the comparison square with the left eye. The viewing distance was 124 cm.
Surround fields
For the main experiments, three surround chromaticities were used in addition to the no-surround (darkadapted) condition. The surrounds, all at 3.63 cd/m 2 , were somewhat lower in luminance than the test squares at 4.31 cd/m 2 ($50 Td), in order to avoid the possibility of evoking dark colors that could not be matched with the isolated comparison light. All stimuli were specified on ðL=½L þ M; S=½L þ MÞ axes (MacLeod & Boynton, 1979) , with S normalized to 1.0 for 1 troland of equalenergy-white light (cf. Boynton & Kambe, 1980) . One of the surround chromaticities was close to equal-energy white (referred to here as ''EEW''; Judd
In addition to the EEW surround, there were two other surrounds for which the l ¼ L=ðL þ MÞ coordinate was fixed at the value for EEW (l ¼ 0:664) but the value of s was either increased to 3.55 (''EEW þ s'') or decreased to 0.25 (''EEW À s''). The stimulus chromaticities are summarized in Table 1 .
Test fields
Two sets of test-field chromaticities, referred to as ''Fixed l EEW '' and ''Mixed l'' (see Table 1 
Comparison square
On each trial, the starting chromaticity for the comparison square, to be adjusted by the observer, was derived from the test-square chromaticity by incrementing or decrementing the R-, G-or B-phosphor value of the test square by a random amount. For a small number of trials this resulted in a chromaticity that was out of gamut. On those trials, the comparison-square x 0 , y 0 coordinates were set initially to ð0:33; 0:33Þ with luminance held at the value derived for the out-of-gamut point.
Procedure
Heterochromatic motion photometry (Anstis & Cavanagh, 1983 ) was used to determine for each observer the phosphor radiances for isoluminant stimuli. A minimally distinct border technique was used, at constant luminance, to establish S-cone isolation for each observer (Tansley & Boynton, 1978) . Excitations of the L, M, and S cones were calculated from the Smith and Pokorny (1975) cone fundamentals.
A Gravis joystick was used to set the color matches. The buttons at the top of the joystick increased or decreased the luminance of the comparison square. The observer could change the saturation or hue of the comparison square by tilting the joystick on different axes. Observers practiced color matching in several preliminary sessions before the start of data collection. The experiments were run in a dark room. Each experimental session began with 5 min of dark adaptation followed by 5 min of adaptation to the surround for that session (or by an additional 5 min of dark adaptation in the no-surround sessions). The test square and its surround were presented for 1 min at the beginning of each block of trials, before the comparison square appeared. Observers were instructed to adjust the comparison square to match the color and brightness appearance of the test square. Five color matches were made in each block. There was a 2 min interval between blocks with only the surround present. Five different test chromaticities were presented in separate randomly ordered blocks within each session. Graphs below show the mean and standard error (SEM) of the average measurement taken from each of four separate sessions for each surround condition.
The binocularly fused fixation point was present throughout the experiment but observers were not required to maintain fixation on it. They were told that they could shift their gaze between the test and comparison squares but were encouraged to spend approximately equal amounts of time on each square (cf. Arend & Reeves, 1986; Brainard, Brunt, & Speigle, 1997; Chichilnisky & Wandell, 1995; Shepherd, 1999) .
Control experiments
Surround luminance
To investigate the influence of surround luminance, several test chromaticities at the standard luminance (4.31 cd/m 2 ) were presented within the EEW À s surround at four different luminances: 4.31, 3.63, 2.72 or 2.04 cd/m 2 (see Table 2 , top). These four surrounds were tested in a random sequence, together with the darkadapted condition.
Size of the comparison square
To investigate a possible effect of comparison-field size, subsets of the Fixed l EEW and Mixed l test chromaticities were matched to the standard 0.5°comparison square or to a 1.5°comparison square, in the darkadapted condition (see Table 2 , middle). Matches using the two comparison-square sizes were measured in separate sessions, in random order.
Interocular comparison
An interocular comparison was made by reversing which eye viewed the test and which eye viewed the comparison square. With this change, the test square appeared to the right of the fixation point (left-eye viewing) and the comparison square to the left of it (right-eye viewing). Using the dark-adapted condition, the two stimulus arrangements were run in separate, randomly ordered sessions. The five test chromaticities used are shown in Table 2 (bottom).
Observers
Author C.B. and four paid university students served as observers for these experiments. All observers had normal color vision, as assessed by Rayleigh matching. Observers S.B.S. and Y.L. wore their non-tinted prescription glasses. The experimental procedures were approved by an Institutional Review Board at the University of Chicago.
Results
Fixed l EEW test chromaticities
The first experiment used central test fields with l ¼ L=ðL þ MÞ fixed at the value for equal-energy white. We refer to this value of l as ''l EEW ''. The s ¼ S=ðL þ MÞ values of the five Fixed l EEW test stimuli and the three surrounds are illustrated in Fig. 1 . The s levels of the tests are labeled on the right, and are indicated in the figure by thin rectangles. The dark vertical bars indicate the surrounding s levels. All three surrounds were tested in this experiment but for clarity the results with the EEW À s surround are presented first. The l, s coordinates of the test stimuli are shown in each panel of Fig. 2 by the squares-with-cross. The s level for the EEW À s surround is indicated by the arrow on each vertical axis (l ¼ 0:664 for the surround). The EEW À s surround (s ¼ 0:25) differed only slightly in chromaticity from the lowest-s test stimulus (s ¼ 0:23), in addition to the luminance difference.
The matches made to the Fixed l EEW tests are shown in a separate panel for each observer in Fig. 2 (observers' initials on the graphs). Filled circles show the results for the dark-adapted condition, i.e., interocular color matches made with no light surrounding the test. The open inverted triangles in Fig. 2 represent matches with the test within the EEW À s surround. The lines (solid or dashed, only for clarity) join the measurement with the EEW À s surround to the dark-adapted setting for the same central test stimulus. For the test with the lowest level of s, the matches with the EEW À s surround show little change relative to the dark-adapted settings. The matches to the tests at the three highest levels of s, on the other hand, show increases in s when the EEW À s surround is introduced (triangles above the corresponding circles). We will refer to this increase in the matching level of s, relative to the dark setting, as 's expansion'. Note that this term is used to describe only the measured change in s, which is an empirical observation (not a visual process or mechanism).
Matches with the EEW and EEW þ s surrounds are shown in Fig. 3 (diamonds and triangles, respectively). The s level for each surround is indicated by an arrow on the vertical axis. The dark-adapted measurements (circles) are replotted from Fig. 2 . As before, the matches for the surround conditions are joined by lines to the corresponding dark setting. The two tests with the lowest levels of s show little shift with these surrounds. For the three tests at higher levels of s, increasing the level of s in the surround, from EEW to EEW þ s, reduces the level of s set in the match (diamonds above corresponding triangles). Note also for these higher-level tests that the s levels set with the EEW surround usually are greater than the dark settings, again showing s expansion (diamonds above corresponding circles). This implies that an equal-energywhite surround should not be considered a 'neutral' surrounding field.
Figs. 2 and 3 show that the surrounds do not induce much shift in the l coordinate of the matches away from the l ¼ 0:664 value common to all the tests and surrounds. The only consistent shift in l is an increase of 0.01-0.02 for observer Z.S. As the l values are nearly unaffected by the surrounds, the shifts in appearance for all of the surrounds can be compared by replotting only the s values shown in Figs. 2 and 3. In Fig. 4 , the s settings in the matches (vertical axis) are graphed as a function of the s level in the surround (horizontal axis). Each connected set of points on the graphs corresponds to a fixed central test; the different sets of points correspond to distinct tests with s levels increasing from 0.23 to 4.05 from the bottom to top of each plot (test s levels First consider observer C.B., whose results are presented in the left panel. For the tests at the three highest s levels (test s at or above 1.05, top three connected sets of points), the value of s in the matches generally decreases as the level of s in the surround increases. Further, with the EEW À s surround, for which s stimulation within the surround is less than in these test fields, the observer sets matches with s higher than for the dark-adapted condition (each left-most point above corresponding horizontal line). This is s expansion, which also is seen with the EEW surround (second point from left above corresponding horizontal line).
When the test has a low level of s, on the other hand, a different result is seen: observer C.B. has s settings that are nearly unchanged regardless of the surround (lowest two sets of points in left panel of Fig. 4) .
Results for the two other observers are similar. In general, changes in the s settings were minimal when there was a low level of s in the test, regardless of the s level in the surround (two lowest sets of points in each panel). Matches for tests at higher s levels (three highest sets of points), on the other hand, show s expansion with the EEW À s and EEW surrounds, and a decrease in the matching s as the level of s in the surround increases (though not for observer Z.S. when test s is at the highest level). 
Mixed l test chromaticities
The central test stimuli in the first experiment all had an l coordinate of 0.664. Only the level of s was varied, producing lights that could be labeled greenish-yellow to white to purple. In the next experiment, which we call Mixed l, the chromaticity coordinates of the test were varied in both l and s. Three levels of l and two of s were used. The central test coordinates for this experiment are represented by the squares-with-cross shown in the upper panel of Fig. 5 .
When the level of s in the test is low (two tests at s ¼ 0:23) the results again show little change in the matching s values, for any of the surrounds. With the three tests at s ¼ 1:05, the Mixed l test measurements are consistent with the results found in the previous experiment. With the EEW À s surround, the matching level of s is above the dark-adapted setting (open inverted triangles above filled circles). Further, the matching s level decreases as the level of s in the surround increases (open inverted triangles above diamonds, diamonds above filled upright triangles).
In the previous experiment, all the central tests and all the surrounds had the same l value of 0.664, and the matches showed little shift in l (Figs. 2 and 3) . With the Mixed l set, which has central tests at different levels of l, the results demonstrate L/M-cone contrast in addition to the s shifts. The surrounds produced shifts to slightly lower l for the two lower-l tests (l ¼ 0:63), and shifts to slightly higher l for the higher-l tests (l ¼ 0:73). The shifts are approximately equal for the two different s values at each l value in the test.
Circles around two of the filled triangles, toward the lower-left on C.B.'s graph and toward the lower-right on Z.S.'s graph, indicate conditions in which the observer was not completely satisfied with the match. The induced color was outside of the gamut of the display. These points should not be considered actual matches. No such difficulty in matching was reported in other conditions.
Control experiments
Surround luminance
In the first control experiment, the luminance of the surround was varied while the test luminance was kept at 4.31 cd/m 2 . This experiment investigated the generality of the above results, for which the surround was 3.63 cd/m 2 , using lower and higher surround luminances. The surrounds included an isoluminant testsurround condition as used in some previous studies (McFadden, Kaufmann, & Janzen, 1994; Smith & Pokorny, 1996) . Four luminances of the EEW À s surround were tested, from 2.04 to 4.31 cd/m 2 (see legend, Fig. 6 ). The dark-adapted condition was repeated as well. The test chromaticities included two from the Fixed l EEW set, one from Mixed l, and the EEW test which was common to both (see Table 2 ).
Matches with surrounds of increasing luminance are indicated by triangles of increasing size in Fig. 6 . The filled triangles show matches with the surround at the standard luminance used in the previous experiments (3.63 cd/m 2 ). The dark-adapted matches are shown by filled circles. Lines join the symbols for matches made to the same test chromaticity. The results in Fig. 6 are similar for the two observers. There was a clear effect of surround luminance, with increasing shifts away from the dark-adapted settings with increasing luminance of the surround. Surrounds dimmer than those used in the main experiments, however, usually caused chromatic induction in the same direction as the 3.63 cd/m 2 surrounds. Note also that the results at isoluminance are similar to those with the 3.63 cd/m 2 surround (compare filled triangles and largest open triangles). 
Size of comparison field
In the main experiments, the test and surround together were 1.5°wide (the width of the surround). In order to check whether the size difference between the test-and-surround (1.5°) and the comparison square (0.5°) could be an important factor, a second control experiment was conducted: the 0.5°test square, without a surround, was matched to either the standard 0.5°c omparison square or a 1.5°comparison square. The test chromaticities used are listed in Table 2 . Observer C.B. participated in experiments with two test sets, and observer Y.L. completed one set. Both observers showed very similar matches with the 0.5°and 1.5°comparison squares. The average difference in l (l for the 1.5°match minus l for the 0.5°match) was 0.007 for C.B. and 0.001 for Y.L. Average s differences were À0.11 for C.B. and 0.16 for Y.L. Therefore, the size of the 0.5°comparison square is not an important factor.
Interocular comparison
As a measure of screen homogeneity, as well as interocular sensitivity difference, two observers were tested in a brief experiment in which the positions of the test and comparison squares were reversed. Five test chromaticities were used with no surround (see Table 2 ). The matches were very similar for the two test positions. The mean l difference (match l for the standard test-onthe-left position minus l for the reversed position) was À0.004 for observer C.B. and 0.003 for D.C. The mean s difference was 0.12 for C.B. and 0.16 for D.C. Note that inferences about S-cone induction from the experiments above do not depend on exact isomeric matches between an observer's two eyes because we examine changes in appearance induced by surrounds in comparison to analogous measurements without a surround.
Discussion
The main finding of these experiments is the S-cone chromatic induction observed with surrounds varied in only S-cone stimulation. When the level of s in the surround was low, the matching comparison field was set to a higher level of s than for the same test with no surround (Fig. 2 ). Further, when the level of s in the surround was increased, the level of s in the matching comparison field was reduced (Fig. 4) . A caveat is that S-cone induction was observed only with central test fields that substantially stimulated the S cones; the color shifts were minimal for tests with low levels of s.
1 This control experiment did not use surrounds at luminances higher than the test, which is a common stimulus condition in other studies of chromatic induction (Jameson & Hurvich, 1959; Shepherd, 1999 ). Kinney's (1962) results, with inducing-field:test-field luminances in ratio 1:2, 1.2:1 or 2:1, suggest larger chromatic shifts would occur with surround luminances above 4.31 cd/m 2 . The present measurements do not reveal interactions between the S-cone and L/M-cone pathways, in the center or the surround. The surrounds, which varied in only S-cone level, caused minimal shifts in l for the Fixed l EEW tests, for which center and surround had the same l value. The Mixed l matches did show l shifts, but at each level of l in the test the shifts were similar for the two s levels in the test. Other color-matching studies have found virtual independence for stimuli varied in only l or only s (Shepherd, 1999; Smith, Jin, & Pokorny, 1998; Wuerger, 1996) though paradigms other than color matching often reveal L/M and S interaction (Krauskopf, Zaidi, & Mandler, 1986; Singer & D'Zmura, 1994; Webster & Mollon, 1994) . Note that all surrounds in the present experiments had l fixed at the value for EEW. Possible shifts in appearance due to varying l in the surround were not examined.
The measurements here corroborate but extend Shevell's (1992) report that increasing s (and thus redness) in a surround did not induce greenness in a central test composed of wavelengths longer than 545 nm. The present results show that the appearance of a central test can vary substantially with the s in the surround but that the effect of S-cone stimulation in the surround is very small or absent when s in the test is low. Shevell (1992) used central test stimuli at wavelengths above 545 nm, so there was virtually no S-cone stimulation in the test area. The results here are more comprehensive than the earlier measurements.
Asymmetric matching with 'neutral' backgrounds
Asymmetric color matching uses a different surround (or background) for the test and matching fields. When an (approximately) achromatic surround is paired with various chromatic surrounds, an implicit suggestion is that an achromatic field is neutral in its effect on the central field it surrounds. The matches here, however, show that an EEW surround affects color appearance, for both the Fixed l EEW and Mixed l central test stimuli. Ware and Cowan (1982) reported that they were surprised to observe color shifts with a ''white'' inducing stimulus. Smith et al. (1998) investigated the effect of a 'neutral' equal-energy-white inducer, and found chromatic shifts at higher levels of s in the test. Our results agree with these studies.
Neural models
While relatively few studies have considered the specific role of S cones in chromatic induction, extensive work has been conducted with other chromatic inducing stimuli (Brenner et al., 1989; Jameson & Hurvich, 1961; Shevell, 1987; Takahashi & Ejima, 1983) . Aspects of models proposed in previous work are considered below.
Spread light
The optics of the eye do not form a perfect geometrical image on the retina. When a central patch is surrounded by inducing light, some of the inducing light falls in the retinal area corresponding to the central test patch. This spread light can alter color perception by adding to the physical stimulus in the retinal test area (Ware & Cowan, 1982) . While spread light can explain some aspects of chromatic induction, it cannot account for the color shifts found here, which are inconsistent with its effect. First, increasing S-cone stimulation in the surround can only increase spread S-cone stimulation in the central patch, and thus in the matching comparison field. The results here, however, show that increasing S-cone stimulation in the surround reduces S in the comparison field. Second, spread light from a given surround would most strongly shift the appearance of a test with the lowest level of s (0.23, bottom set of connected points in each panel of Fig. 4 ), yet these measurements are virtually unaffected by any surround. Therefore, the s enhancement observed only at higher levels of s in the test cannot be explained by spread light.
Receptor gain change
Chromatic adaptation can change receptor sensitivity (von Kries, 1905) . Several models of color appearance under adaptation include a multiplicative scaling of receptor responses (Chichilnisky & Wandell, 1995; Jameson & Hurvich, 1972; Shevell, 1982; Walraven, 1976; Ware & Cowan, 1982) . A change in S-cone gain is consistent with the decrease in matching s found with the increase in s within the surround. Receptor gain, however, cannot explain the s matching levels with the EEW À s surround that are higher than those with no surround (the dark-adapted condition). Assuming that additional S-cone stimulation in a surround does not increase S-cone sensitivity, sensitivity is greatest in the dark-adapted condition. Thus, the observed s expansion caused by introducing the EEW À s surround (Fig. 2 ) cannot be explained by receptor sensitivity change.
Two-process model
The two-process model of chromatic adaptation (Jameson & Hurvich, 1972; Shevell, 1978) adds a second mechanism of adaptation: an additive shift in the neural response, which is combined with receptor signals that encode hue. In the two-process model, a surround can both alter receptor sensitivities and additively increase or decrease the neural response representing hue. This increase or decrease, called the additive effect to distinguish it from multiplicative gain changes, depends on only the inducing field and therefore is fixed for a given inducing surround.
Consider whether an additive effect can account for the measurements showing s expansion in Fig. 2 . If an additive contribution from the EEW À s surround is included in the signal representing the EEW test, as required to account for the s expansion observed in this test/surround combination, then the same additive contribution must contribute to all other test fields presented within the same EEW À s surround. This implies the test fields at lower s levels (two lowest squares-with-cross in each panel of Fig. 2 ) also must show s expansion of this magnitude. The data, however, did not show this for five of the six relevant measurements. Introducing the EEW À s surround with the low-s test fields had little effect in comparison to the darkadapted setting with no surround (compare two lowest inverted triangles and circles in each panel of Fig. 2) .
This result might be explained by the two-process model if receptor gain changes could counteract the additive effect more strongly as the level of s in the test field is reduced. The two-process theory, however, implies the opposite: An additive effect of fixed magnitude has a stronger, not weaker, relative effect on appearance as receptor stimulation by the test field decreases. This follows because a gain change acts proportionally to the receptor response that it multiplies, so the magnitude of signal change caused by receptor gain decreases directly with the level of receptor stimulation. Thus, the test field with the least s stimulation should be most affected, not least affected as in Fig. 2 , by an additive effect from a surround. The two-process model, therefore, cannot account for the results.
S-cone contrast
An alternative theoretical framework posits that receptor contrast mediates color perception (Whittle & Shepherd cited in Hurlbert, 1996; Shepherd, 1999) . With fixed L-and M-cone stimulation in the center and in the surround, as in Figs. 2-4 , the various center and surround stimuli change only S-cone stimulation so changes in appearance would be linked to S-cone contrast. A direct test of this model, however, cannot be done by comparing the S-cone contrast for the test-withinsurround to the comparison field set by the observer, because the comparison field was presented haploscopically within an otherwise dark field.
The S-cone-contrast theory may be considered by assuming that a dark surround invokes some neural representation of a surround that is used to determine contrast. Conceptually, such neural values must be implicit in a contrast theory in order to account for the hues of isolated lights in an otherwise dark field. Physiologically, the values may reflect resting levels of neural responses. These values must be luminance invariant, or nearly so, within the luminance range studied here in order to avoid a strong effect of luminance on the perceived hue of an isolated light, which does not occur at the levels of retinal illumination available from a video display. Let these invoked values be l 0 and s 0 in the MacLeod-Boynton l, s coordinate system (MacLeod & Boynton, 1979 One aspect of the data, however, is not consistent with the s-contrast model. Consider the matches with the central test at the highest level of s (4.05), within surrounds that vary in s from 0.25 to 3.55. These matches are affected relatively little by the surround and never fall reliably below the dark-adapted measurement (top set of connected points in each panel of Fig. 4 ). The contrast model, however, specifies that these settings follow the ratio s test =s surround , so as s surround increases more than 10-fold from 0.25 to 3.55, the value of s set by the observer should fall by over 90%, which would be far below the dark-adapted setting. The largest decline in the data for any observer, however, is 20%. Overall, for large changes of s in the surround, the s-contrast model predicts greater shifts in appearance than are observed for a central test that strongly stimulates S cones.
While the model above is in terms of contrast in the MacLeod-Boynton s unit, a similar argument follows using raw S-cone contrast. By definition, S ¼ sðL þ MÞ so the contrast relation for a match, S test =S surround ¼ S comparison =S 0 , can be written
In order to maintain the hue of an isolated patch of light as luminance varies within the restricted range of a video display (and thus to avoid implausibly strong effects of luminance on hue, as discussed above), let L 0 þ M 0 be proportional to L comparison þ M comparison . Call this proportionality constant a. Substituting and rearranging terms gives
where k has a fixed value in the experiments here:
Thus, the predicted values of s comparison are as before except for scalefactor k, so the relative effect of changing s in the test and surround is unchanged from the analysis in terms of s.
Neural mechanisms
The measurements here reveal changes in the appearance of a central field due to varying only the level of s in the surround. These results are not easily related to retinal signals. About 25 types of ganglion cells are known (Dacey, 1996) . The small bistratified ganglion cells carry signals originating from responses in S cones (Dacey & Lee, 1994; Lee, 1996; Martin, White, Goodchild, Wilder, & Sefton, 1997) . The excitatory S-cone response is opposed by a combined response from L and M cones (Dacey, 1996) . Unlike the L/M-cone ganglion cells without S-cone input, the center and surround organization of the small bistratified cell may be weak, with excitatory and inhibitory areas almost spatially coextensive (Calkins, Tsukamoto, & Sterling, 1998; Dacey, 1999) . Although several laboratories have reported finding ganglion cells or lateral geniculate nucleus (LGN) cells with S-OFF centers (de Monasterio & Gouras, 1975; De Valois, Cottaris, Elfar, Mahon, & Wilson, 2000; Guenther & Zrenner, 1993; Valberg, Lee, & Tigwell, 1986) , such S-OFF cells are apparently less common than the S-ON cells (Martin, 1998; Shinomori, Spillmann, & Werner, 1999; Silveira et al., 1999) , and their role in color perception is not well understood (Calkins et al., 1998) . We know of no reports of primate ganglion cells with S-cone input of opposite sign--that is, cells with S-cone-specific antagonism--that could mediate the s expansion found here.
Based on brightness induction and chromatic induction observed in a central test with changes in the temporal frequency of surround modulation, De Valois, Webster, and De Valois (1986) argued that cells in the LGN could not explain their observations. They suggested that cortical mechanisms may underlie blueyellow chromatic induction, as well as brightness induction and red-green induction. Compared to the retina and LGN, a larger proportion of cells in the primary visual cortex receives S-cone input, including a significant number with inhibitory S signals (Cottaris & De Valois, 1998; De Valois et al., 2000) . Signals from LGN may combine in primary visual cortex to produce S-cone-specific antagonism.
4.4. Related psychophysical studies 4.4.1. Ware and Cowan (1982) In their classic study, Ware and Cowan (1982) used test and surround chromaticities that covered a substantial part of the CIE chromaticity space (15 central tests and five inducers). Their stimuli consisted of adjacent rectangular fields: a uniform matching field was adjusted to match the appearance of a test bar in a spatially alternating, isoluminant grating of test and inducing bars. The measurements were plotted in CIE x, y space, with an arrow extending from the matching chromaticity of each test light seen alone to the matching chromaticity of the test when viewed within the inducing field. Many of the arrows radiated outwardly from the inducing chromaticity but others did not, particularly with their ''blue'' inducer (CIE coordinates approximately x ¼ 0:14, y ¼ 0:10).
Some of our measurements are replotted in Judd x 0 , y 0 chromaticity coordinates to compare them to Ware and Cowan's study (Fig. 7) . The plot for each observer includes reference points showing the chromaticities of the EEW þ s and EEW À s surrounds (Â's) and the tritanopic copunctal point (square-with-slash 
Recent asymmetric matching studies
The results reported here can be compared to some recent asymmetric color-matching studies. The critical differences between those studies and ours are that (1) the matches here were made with the comparison field on a dark background rather than on a 'neutral' one, and (2) the surround here was lower in luminance than the central test.
Shepherd (1999) used a 'standard' square of illuminant C within a chromatic surround in the left eye, and a matching square within a 'neutral' surround in the right eye. The surrounds were positioned so that they fused into a common surround (free gaze between the squares). The standard square luminance was 8 cd/m 2 , which was considerably less than the 18 cd/m 2 surround. The surround chromaticity was varied in s, with l fixed at its value for illuminant C. The results were accounted for by equating center/surround cone ratios (e.g., s match =s surround for the right-eye stimulus equals s standard =s surround for the left-eye stimulus). The major difference between this work and ours is that we studied test fields with greater luminance than the surrounds, while Shepherd used only test-field luminance decrements (tests about 0.35 log unit lower in luminance than the surround). While an s-ratio model is not in accord with some measurements here, as discussed above, it may apply to central fields that are clear luminance decrements.
In a haploscopic study, Smith and Pokorny (1996) presented a test square within a chromatic surround to the left eye, and a comparison/matching square within an equal-energy-white surround to the right eye. The display was isoluminant at 12 cd/m 2 . Their interest was opponency within chromatic pathways. The results showed a ''hiatus'' for test chromaticities near equalenergy white; that is, the value of s in the match did not change much if the s level in the test fell between the s of the surround and the s of equal-energy white. Larger induced shifts were observed for tests with s outside of this range. Only two of our test/surround combinations have s levels that correspond to their hiatus. These are the second-to-lowest s test from the Fixed l EEW set within the EEW À s surround (s surround < s test < s EEW ), and the second-to-highest s test from the same set within the EEW þ s surround (s EEW < s test < s surround ). In the former case, observers C.B. and Z.S. show only slight increases in s, which is consistent with a hiatus, but S.B.S. shows a larger increase in s, which is not. In the EEW þ s case, observer C.B.'s measurement is in accord with the hiatus, but observers S.B.S. and Z.S. show large shifts in s. Overall, the measurements from the pair of relevant conditions here do not provide clear support for the hiatus model, though our matching field without a surround is quite different from their isoluminant stimulus configuration. Chichilnisky and Wandell (1995) presented test and matching squares on separate backgrounds that appeared to fill most of the full visual field. One background field was presented to each eye. Unlike the studies just discussed and the present one, their stimuli did not selectively vary S or L/M stimulation. A receptor gain model provided a satisfactory fit to their data. Such a model, however, cannot account for our results, as discussed above.
In sum, important features of the results here cannot be accounted for by well-known models of induction. The matching s levels with the EEW À s surround consistently exceeded the dark-adapted settings. This observation (s expansion), which is clear for every observer, cannot be explained by a change in S-cone sensitivity, which is greatest in the dark, or by a twoprocess model of adaptation. In addition, the weak effect of varying s in the surround when the central test is high in s cannot be accommodated by a simple S-cone contrast-ratio model. Physiologically, cells with inhibitory S-cone signals are uncommon in the retina and LGN, and cells with S-cone-specific antagonism have not been found there. A cortical mechanism, therefore, is proposed to mediate simultaneous S-cone contrast.
Note added in proof
Dacey (personal communication) recently found in macaque sparse monostratified S-OFF ganglion cells with receptive fields about twice the diameter of the small bistratified S-ON cells. A central neural combination of responses from retinotopically corresponding S-ON and S-OFF ganglion cells could mediate the Scone-specific antagonism observed here psychophysically.
